Studies treating intracerebral hemorrhage (ICH) with therapeutic hypothermia (TH) have shown inconsistent benefits. We hypothesized that TH's anti-inflammatory effects may be responsible as inflammatory cells are essential for removing degrading erythrocytes. Here, we subjected rats to a collagenase-induced striatal ICH followed by whole-body TH ($33 C for 11-72 h) or normothermia. We used X-ray fluorescence imaging to spatially quantify total and peri-hematoma iron three days post-injury. At three and seven days, we measured non-heme iron levels. Finally, hematoma volume was quantified on one, three, and seven days. In the injured hemisphere, total iron levels were elevated (p < 0.001) with iron increasing in the peri-hematoma region (p ¼ 0.007). Non-heme iron increased from three to seven days (p < 0.001). TH had no effect on any measure of iron (p ! 0.479). At one and three days, TH did not affect hematoma volume (p ! 0.264); however, at seven days there was a four-fold increase in hematoma volume in 40% of treated animals (p ¼ 0.032). Thus, even when TH does not interfere with initial increases in total and non-heme iron or its containment, TH can cause re-bleeding post-treatment. This serious complication could partly account for the intermittent protection previously observed. This also raises serious concerns for clinical usage of TH for ICH.
Introduction
Intracerebral hemorrhage (ICH), caused by a ruptured blood vessel in the brain, has a high mortality rate and often causes lasting impairments. 1, 2 There are no neuroprotective therapies for ICH with treatment relying on medical management and rehabilitation. Primary damage from an ICH is due to mechanical destruction as the blood tears through tissue creating a mass effect, which can sometimes increase intracranial pressure (ICP). This damage occurs quickly with bleeding ceasing within the first 3 h in most patients. 3 Secondary damage occurs over hours and days later. Mechanisms contributing to secondary injury include inflammation, edema, raised ICP, oxidative stress, and hematoma-related factors such as thrombin production and iron release from degrading erythrocytes. [4] [5] [6] Researchers target these secondary mechanisms because their protracted nature allows for later interventions compared to primary injury. Several drugs targeting iron-induced injury (e.g. iron-chelators) and/or hematoma resolution have been studied preclinically, but to date there has been no successful clinical translations.
Therapeutic hypothermia (TH), reducing body and/ or brain temperature, typically in the range of 32-35 C, is considered a gold standard neuroprotectant. It is clinically approved to treat cardiac arrest 7 and neonatal hypoxic-ischemic encephalopathy. 8 The success of TH is likely due to its multifaceted effect on neurodegenerative processes such as inflammation, blood-brain barrier (BBB) damage, oxidative stress, edema, and raised ICP. 9 Many of these mechanisms of injury are common to other injuries. As such, TH has been the focus of preclinical and clinical research for traumatic brain and spinal cord injury, as well as ischemic and hemorrhagic stroke, among others. [10] [11] [12] In fact, there is abundant preclinical evidence supporting the use of TH for treating ischemic stroke. Studies from different labs, using multiple models (including co-morbidities), and species, have found TH to reduce cell death and improve behavioral deficits after experimental ischemic stroke. 9 To date, phase II clinical trials suggest that TH is feasible and safe for treating ischemic stroke, 13, 14 and TH is currently being investigated in phase III clinical trials. 15 Despite the overlap of neurodegenerative mechanisms between ischemic and hemorrhagic stroke, the preclinical evidence on using TH to treat ICH is mixed. In ICH, TH does generally mitigate several mechanisms of injury such as inflammation, BBB damage, edema, and raised ICP. [16] [17] [18] [19] [20] While some TH studies have found neuroprotection and attenuated behavioral impairments after ICH, 17, 18, 21, 22 others have failed to find those effects. 16, 19, 23 Such inconsistency is likely due to a number of factors. For instance, some studies have used the collagenase model (collagenase damages blood vessels to cause a bleed), whereas others have infused blood. 16, 18, 19, 22, 24 Another factor may be treatment timing as beginning TH early can aggravate bleeding, at least in the collagenase model. 22, 25 Despite using an appropriate treatment delay and the same model, the beneficial effects of TH vary among studies in our lab. 22, 24 Clinically, small trials have suggested that TH is effective in lowering high levels of edema and mortality, 26 as well as lowering inflammation 27 and improving cerebral blood flow and recovery. 28 The clinical studies conducted so far have been small, used historical controls, and/or participants were typically limited to those with large hemorrhages who are at risk of developing lethal levels of ICP. There may be many complications or side effects associated with using TH to treat ICH that supersede the beneficial effects. Aside from applying TH too early, no TH studies have investigated potential complications specifically associated with treating ICH.
Inflammation is a crucial mechanism for mitigating the toxic components of the hematoma. Microglia and infiltrating macrophages are essential for containing the hematoma and limiting exposure of the peri-hematoma tissue to blood and clotting factors. 29, 30 As well, these cells are essential in hematoma resolution and storing the iron originating from erythrocytes. 31 As TH is a potent anti-inflammatory treatment, we hypothesized that TH impairs endogenous mechanisms for hematoma containment and other aspects related to hematoma resolution. In order to assess this, we completed three experiments using a collagenase model of ICH in rats. First, we evaluated the spread of iron into the surrounding parenchyma, then the rise in non-heme iron from three to seven days post-ICH, and finally the amount of blood left in the brain at one, three, and seven days. We used a collagenase model as this causes more ongoing bleeding than the whole-blood model and is reasonably consistent with greater impairments and a longer period of ongoing cell death. 32 The greater bleeding is essential as it can be an important complication of using TH to treat ICH. 22, 25 
Materials and methods

Animals and experimental conditions
All procedures were in accordance with the Canadian Council on Animal Care under the approval of the University of Alberta's Biosciences Animal Care and Use Committee. One hundred and sixteen male Sprague-Dawley rats from the University of Alberta's Science Animal Support Services colony (250-300 g $ 10 weeks old) were housed in polycarbonate cages with wood chip bedding in a temperature and humidity controlled room on a 12-h light cycle. Animals were given ad lib access to water and food (Rodent Chow, Lab Diet) and were randomized to either normothermia (NORMO) or TH (HYPO) groups by a random number generator. Group sizes were determined based on our previous experiments using the same techniques (e.g. for hemoglobin levels after ICH the average standard deviation (S.D.) was $15 after ICH, 25 and for non-heme iron the SD was 1.2 on day 3 after ICH 38 ). From that we roughly obtain estimates for effect sizes and variability with the goal of having 80% power to detect those effects. Most assessments were analyzed blindly except when animals were euthanized cold for non-heme iron levels and hematoma volume analysis at days 1 and 3 post-ICH. In those cases, the experimenter easily identified the cold animals by touch. These experiments are in compliance with the ARRIVE guidelines. 33 Three experiments were completed for this study. First, we evaluated whether TH affected the spread of iron from the hematoma three days post-stroke (n¼8/group) as well as the number of inflammatory cells. Second, we studied whether TH impacted the release of iron from heme by comparing non-heme iron levels at three and seven days post-stroke (n¼10/group). In this experiment, animals euthanized on day 7 also underwent behavioral testing at baseline (i.e. prior to any surgery) and on day 7 just prior to euthanasia. Last, we evaluated the effect on TH on hematoma volume at one, three, and seven days post-ICH (n¼ 10/group). Animals in this experiment that were euthanized on day 7 also underwent behavioral testing at baseline and day 7 just prior to euthanasia.
Temperature probe surgery
Four to five days prior to ICH surgery rats had a core temperature telemetry probe (calibrated within 0.2 C, TAT10TA-F20 or F40 Transoma Medical; St. Paul, MN) implanted in their peritoneal cavity. 19 Briefly, rats were anesthetized with isoflurane (4% induction and 1.5-2% maintenance, with 60% N 2 O and balance O 2 ) and an incision was made into the abdominal cavity and a sterilized probe was inserted. The wound was sutured and Marcaine was used as a local anesthetic ($0.1 mL infiltrating the wound area). Rats were placed in an individual clean cage and monitored after they awoke from anesthesia.
ICH surgery
The collagenase-induced ICH model is commonly used in rodents. 32, 34 A rectal probe measured temperature during surgery and normothermia was maintained via a water blanket. Rats were anesthetized with isoflurane and a midline incision was made along the scalp. Using a stereotaxic frame, the skull was balanced and a hole, 0.5 mm anterior and 3.5 mm lateral to Bregma, was drilled. A 26-gauge Hamilton syringe was lowered 6.5 mm from the surface of the skull and 0.14 U of type IV-S collagenase (in 0.7 mL of sterile saline) was infused over 5 min. The needle was left in place for an additional 5 min to prevent backflow and then was slowly withdrawn. A metal screw was used to plug the drilled hole. The scalp was sutured and Marcaine was applied ($0.1 mL infiltrating the wound area). Rats were placed in a clean cage and their temperature was monitored while recovering from anesthesia. Rats were monitored frequently to ensure that they were eating and drinking after surgery and otherwise behaving as expected (at least five observations per day until euthanasia). Body weight was taken daily. Additional food was provided for up to four days after ICH in an effort to minimize weight loss (e.g. mixture of peanut butter with sunflower seeds and moistened rodent chow).
Temperature monitoring and control
All animals were confirmed to have normal baseline temperatures (average of $37.5 C). The rats' cages sat on telemetry receivers (RPC-1, Transoma Medical) and body temperature was sampled every 30 s via A.R.T. 2.3 telemetry software (Transoma Medical). After ICH surgery, NORMO rats were only monitored, while HYPO rats' temperature was regulated as follows. Twelve hours post-collagenase injection, TH (33.0 C AE 0.5) was initiated over an hour and maintained for 72 h or until euthanasia. The delay was to ensure that TH did not worsen bleeding, which was found with earlier cooling in this model. 22 HYPO rats that were euthanized on day 7 in the second and third experiments had 6 h of rewarming (0.5 C/h). A servoregulated system consisting of a fan, water mister, and heat lamp was used to induce and maintain hypothermia in awake and freely moving animals as has been routinely used in our lab. 22, 35, 36 Histology Seventy-two hours after ICH, the rats were deeply anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and trans-cardially perfused with 0.9% saline followed by 10% formalin. The brains were removed and later cryostat sectioned (50 mm) using a Teflon-coated blade to prevent metal contamination. The series of sections with the greatest hematoma area were used for rapid-scanning X-ray fluorescence imaging (XFI), cresyl violet, and Perls' Prussian Blue staining. The cresyl violet sections were used to define the hematoma border; however, due to edema and blood, we did not attempt to determine lesion volume assessment at day 3. The Perls' stain was used to quantify the number of macrophages/microglia in the peri-hematoma and surrounding tissue based on iron labeling and morphology as has been previously done. 19, 37 Cells were counted in one section per animal at the level of maximal injury, as has been previously done and found to detect a significant effect of hypothermia. 19 
X-ray fluorescence imaging
This imaging technique has been previously used to quantify and localize elements, with iron of most interest, in a coronal section of tissue after ICH. 38 This technique is highly sensitive and the same section of tissue can be used for other histological procedures following imaging (i.e. cresyl violet). [38] [39] [40] Briefly, sections used for XFI were placed on plastic metal-free cover slips (Thermanox; Rochester, NY) and imaged at the Stanford Synchrotron Radiation Light Source on beamline 10-2 at a 50 -mm resolution and a 50-ms dwell time. The incident energy of the X-ray beam was 13 keV and the slides were mounted 45 to the incident X-ray beam and 45 to the detector. Signal strengths of calibrations standards (Micromatter Technologies Inc.; Surrey, BC) were compared to the sample signals and used to quantify iron concentrations. Images were analyzed with Sam's Microanalysis Toolkit. 41 
Non-heme iron assay
The non-heme iron assay was used to determine whether TH influenced the rate of iron release from heme at survival times of three and seven days after ICH. Rats were deeply anesthetized with 4% isoflurane, decapitated, and a 6 mm thick section of both forebrains were taken (2 mm anterior and 4 mm posterior to the collagenase injection site). The cerebellum served as control. Each forebrain and the cerebellum were homogenized with dH 2 O and iron was released from proteins, except heme, by mixing the sample with a solution of 1 N HCl and 10% trichloroacetic acid in dH 2 O and heating to 95 C. The samples were centrifuged and the supernatant was collected and reacted with a ferrozine chromagen solution and compared to a standard curve to determine iron concentration. 38, 42 Behavioral testing
In the second experiment, the corner turn test (CTT) and neurological deficit scale (NDS) were used to evaluate deficits in rats surviving to seven days post-ICH. In the third experiment, the NDS was used on day 7. In both experiments, baseline behavioral testing occurred prior to temperature probe implantation. Both behavioral tests are sensitive to striatal injury. 43, 44 However, the CTT was not used in experiment three, as the test is tedious and did not add any information that the NDS did not already provide. The CTT has two walls (41 cm height by 30.5 cm width) placed at a 30 angle with a 0.5 cm gap. At baseline, the direction a rat turns coming out of the corner was averaged over two days (10 trials/ day), and rats that had a turning bias (<30% in one direction) at baseline were excluded from analysis for this test. At testing, rat's turning preference was determined by taking an average of 10 trials. The NDS is a combination of several simple motor tasks (hind-limb retraction, contralateral forelimb flexion, bilateral forepaw grasp, beam walking, and spontaneous circling) and is the most commonly used test in experimental ICH research. 45 Each task ranges from 0 to 3 in score, except the contralateral forelimb flexion that ranges from 0 to 2. A score of fourteen denotes maximum impairment.
Hematoma volume
Blood volume was measured using a spectrophotometric hemoglobin assay and compared to a standard curve of known blood volumes. 25, 46, 47 Rats were euthanized one, three, or seven days post-ICH via deep isoflurane anesthesia and decapitation. The hemispheres were separated and homogenized in double distilled water (1:4 w:v ratio), incubated on ice, and then centrifuged at 15,800 g for 35 min. Aliquots of the supernatant were reacted with Drabkin's solution and the absorption values were obtained (measured at 540 nm; Model 4001/4; Thermo Fisher Scientific) and compared to the standard curve. Hematoma volume was calculated as injured forebrain (IPSI) -contralateral forebrain (CONTRA) blood volume. The latter was used as an estimate of the amount of blood present within the vasculature.
Statistical analysis
All data are expressed at mean AE S.D. except the NDS scores, which are presented as raw scores and medians AE interquartile range (I.Q.R.). All data were analyzed using analysis of variance (ANOVA) or independent t-tests (SPSS v.21; SPSS, Inc.) except the NDS scores, which were analyzed via the Mann-Whitney U and Wilcoxon tests. Also, we correlated the XFI analysis of distance and iron levels, and also the NDS and hematoma values, providing the Pearson r and p values. A Fischer's exact test was used for the bleeding data of experiment three. The Levene's test was used to test for homogeneity of variance and when there was a significant effect we used t-tests that did not assume equal variances. When a significant effect was detected, a post hoc effect size (Cohen's d) was calculated (G Â Power v3.1.3; Univerita¨t Kiel, Germany). Significance was at p < 0.05.
Results
Experiment one: Spread of iron and number of Perls' positive cells
There were no exclusions or mortality in this experiment. We found TH significantly reduced the number of Perls' positive cells in the HYPO group (p ¼ 0.012, equal variances not assumed; Figure 1 (a) to (c)). The size of the effect was large (d ¼ 1.5).
Overall, using XFI, we found a moderate but significant relationship with iron levels declining with distance from hematoma (r ¼ 0.333, p ¼ 0.007, Figure 2 (a) and (b)). There was no significant difference between NORMO and HYPO in the average amount of iron (p ¼ 0.825, Figure 2 (c)) or distance from hematoma our samples were taken from (p ¼ 0.674, Figure 2(d) ). There was a significant increase in total iron levels in the injured hemisphere (p < 0.001 vs.
CONTRA hemisphere) but no effect of group (p ¼ 0.567) and no interaction (p ¼ 0.419). Thus, while TH caused a significant reduction in inflammatory cells, this did not affect the spread of iron or the total amount of iron in the injured hemisphere.
Experiment two: Non-heme iron levels and behavioural impairments
In this experiment, there were two exclusions and two mortalities, with the latter cases also being excluded from our analysis. One animal was excluded from NORMO-Day 3 for a faulty probe and one from HYPO-Day 7 for being unable to self-regulate body temperature after rewarming. One animal spontaneously died during TH from HYPO-Day 7 and one animal from NORMO-Day 7 died during ICH surgery. The baseline temperatures in all groups were normal (data not shown) and Figure 3 (a) and (b) shows the temperature data post-ICH in a subset of animals (n ¼ 9 for each NORMO group and n ¼ 6 for each HYPO group). These data are representative of the other experiments in this study.
Behavioral impairments were observed on day 7 post-stroke. For the CTT (Figure 4(a) ), there was a significant time effect (p < 0.001) but no group effect (p ¼ 0.747) or interaction (p ¼ 0.937). As well, the NDS (Figure 4(b) ) showed a significant impairment on day 7 (p < 0.001 vs. baseline) but no significant group effect at either time (p ! 0.316).
There was an increase in non-heme iron levels in the IPSI hemisphere between day 3 and day 7 ( Figure 5 ) as there was a significant time effect (p < 0.001) but no group (p ¼ 0.479) or interaction (p ¼ 0.662) effects. The size effect of this increase was large (d ¼ 2.3). As expected, in the CONTRA hemisphere, there were no effects of time (p ¼ 0.071), group (p ¼ 0.882) or interaction (p ¼ 0.413). Likewise, there were no time (p ¼ 0.789), group (p ¼ 0.420), or interaction (p ¼ 0.990) effects for cerebellum non-heme iron levels. TH had no effect on the increase of non-heme levels that occurred between three and seven days poststroke or the behavioral impairments caused by ICH.
Experiment three: Hematoma volume and behavioural impairments
One animal was excluded from HYPO-Day 3 due to experimenter error and one animal from NORMO-Day 7 died during ICH surgery. The data from these animals were not included in our analyses. There were significant impairments detected with NDS at 7 days post-stroke (p < 0.001 vs. baseline; Figure 6 ) and no difference between groups at baseline (p ¼ 0.424). However, TH caused greater impairments (p ¼ 0.011) and the size of the effect was moderate (d ¼ 0.7). As there was a slightly different pattern of baseline NDS scores between groups, we also analyzed the difference score (day 7 -baseline), which also showed that TH worsened impairment (p ¼ 0.013).
There was a significant difference in hematoma volume (Figure 7(a) ) as there were significant time (p ¼ 0.004), group (p ¼ 0.014), and interaction (p ¼ 0.046) effects. There was no difference between HYPO and NORMO at day 1 or 3 (p ! 0.264), but there was significantly more blood in the HYPO-Day 7 group compared to the NORMO-Day 7 group (p ¼ 0.032, equal variances not assumed). There was a bimodal distribution of hematoma volume in the HYPO group euthanized on day 7 with 40% of the animals having a more than quadrupling in hematoma volume. This difference between NORMO and HYPO on day 7 was large (d ¼ 1.1). The proportion of animals in this group that landed outside a cut off (i.e., three standard deviations of all other groups) was different than all other groups (p ¼ 0.002, Fischer exact test). In fact, only one animal from all the other groups (n ¼ 48) barely fell out of this range, while 4 of 10 from HYPO-Day 7 did. There were no time (p ¼ 0.380), group (p ¼ 0.589), or interaction (p ¼ 0.677) effects for the CONTRA hemisphere blood volumes (p ! 0.380). Thus, while TH did not influence bleeding during treatment, there was considerable re-bleeding in a subset of There was a significant increase in non-heme iron levels in the injured forebrain from day 3 to day 7 post-ICH (p < 0.001) but no effect of TH (p ¼ 0.479). Non-heme iron levels at day 3 were comparable to control structure levels (i.e. CEREB: cerebellum of all animals). N ¼ 10/group. *p < 0.05.
animals post-treatment. Visual inspection of the injured hemispheres of these animals with the larger bleeds showed an obviously greater amount of blood that was fresher in nature (i.e. bright red vs. rust colored of an older bleed). Experimenters were blinded to treatment of all animals euthanized on day 7.
Although NDS scores were significantly worse in the HYPO group on day 7 post-ICH (vs. NORMO), the NDS scores did not significantly (r ¼ 0.314, p ¼ 0.190) predict hematoma volume (Figure 7(b) ).
Discussion
Although our data do not confirm our hypothesis that the anti-inflammatory effects of TH impacts hematoma containment and components of hematoma resolution, a different complication of TH treatment was discovered. Post-treatment, 40% of HYPO animals had a large increase in hematoma volume, while during treatment there were no group differences. Whether this bleeding occurred during rewarming or over subsequent days is unclear. This treated group also had modestly worsened behavioral impairments. Our data confirm other work showing that TH is a potent antiinflammatory, 17, 19, 48 as we saw a 35% decrease in Perls' positive cells (i.e., microglia/macrophages). We also found a significant relationship between distance and iron levels, with higher iron levels closer to the border of the hematoma. There was no effect of TH. On day 3, there was no difference in non-heme iron levels between the injured hemisphere and the control structure (i.e. cerebellum) suggesting that the majority of iron is still contained in heme at that time. However, from three to seven days post-ICH, we found an increase in non-heme iron levels, which TH did not influence. This increase in non-heme iron matches previous work. 38 There was no effect of TH on behavioral deficits in this experiment. Overall, these results suggest that while TH did not influence endogenous mechanism of hematoma containment and clearance, there was occasionally a post-treatment worsening of bleeding. That latter effect should be considered in future animal research and is a significant concern for clinical use of TH for ICH.
Although not part of our initial hypothesis, the most interesting and concerning result of this study is the influence of TH on bleeding post-treatment, since the hematoma volume is a critical predictor of outcome and survival. 49, 50 Previous studies show that TH applied too early can aggravate bleeding, 22, 25 which we successfully avoided by delaying treatment, as we have previously done. 24 As there were no group differences in hematoma volume at 1 and 3 days post-ICH, the increase seen on day 7 is likely due to re-bleeding either during rewarming or over the following days. There are a number of reasons to support that this effect was not due to chance or experimenter error. First, all the animals with a large bleed occurred in one group and all of these animals are outliers beyond the combined three standard deviations of the other groups. As well, animals were randomized to groups and the experiment was performed in eight cycles over several months with three of these cycles having animals with large bleeds. Two experimenters conducted the hemoglobin assay throughout the study and both had instances of large bleeds. Finally, control samples from each animal (i.e., contralateral hemisphere and cerebellum -data not shown) were normal in all animals. All of this suggests that the increase in hematoma volume is a genuine effect of TH. Of course, future studies will need to replicate these findings and to precisely determine the incidence rate, currently at 40%, which will require large group sizes to ensure adequate statistical power. As well, it is important to identify factors that influence the incidence and magnitude of re-bleeding complications, such as, potentially, the initial insult severity and various treatment parameters (e.g., depth and duration of cooling).
Importantly, the intermittent occurrence of rebleeding likely contributes to the lack of a consistent neuroprotective effect in animal studies. Although not all treated animals have this increase in hematoma volume, when it occurs the effect can be substantial. In a group of 8-10 animals, the occurrence of one or two aggravated bleeding events of even half the current magnitude could easily counteract the ability to statistically detect a neuroprotective effect of cooling. Many of the studies looking at neuroprotection have histological and behavioral endpoints weeks after the initial bleed. At these times, the hematoma has resolved and it would be impossible to determine that bleeding was worsened. Even when behavioral outcome is measured at a week, as in this study, there is only a small and inconsistent worsening of impairments that can be easily missed. Although behavioral tests, such as the NDS, are commonly used in ICH studies, 45 they often do not reliably detect even substantial differences in lesion size. 43, 44 Likewise, in this study, the NDS scores did not significantly predict hematoma size. Therefore, the impact of re-bleeding can be overlooked both histologically and functionally in rodent studies when one does not directly measure hemoglobin levels. Even the non-heme iron assay may not pick up delayed bleeding if it occurs before hemoglobin has broken down and liberated its iron, which likely explains why we did not find an increase in non-heme iron levels at day 7 in experiment two. It is also possible that re-bleeding did not occur in that study, as our last study suggests that it is an intermittent problem, and thus by chance fewer or no complications may have occurred in the non-heme experiment.
Clinical trials evaluating the use of TH for ICH have suggested benefit, which is likely due to a decrease in life threatening levels of edema where ICP is substantially increased. Only one trial evaluated hematoma volume post-treatment of TH (without hematoma evacuation) and found no increase, although this was assessed early after rewarming. 26 An increase in bleeding post-treatment may be missed if quantifying hematoma volume too early, as we did not notice an effect when cooling was being maintained. There are also protocol differences between this trial and the current study, where cooling was milder ($35 C vs. 33 C) and rewarming was slower (0.5 C/24 h vs. 0.5 C/h) in the trial. As well, there may be physiological differences between humans and rats during and after TH (e.g., changes in blood pressure). However, the impact of TH on ICP after large ICH seen in this trial has also been seen in rats. 20 While a slow increase in hematoma volume may not cause mortality, as is the case in this experiment, the increase may negate the long-term impact of TH on outcome in affected patients. As well, in patients with small to moderate sized hematomas where edema is not typically life threatening, the complications of TH may counteract any beneficial effects.
There are a number of potential causes for this unexpected increase in hematoma volume such as changes in blood pressure, cerebral blood flow, or stress response, which we did not presently measure. Such events might be especially likely to cause bleeding because of significant BBB damage that continues to worsen over days after collagenase infusion. 32 In that study, we used magnetic resonance imaging to quantify gadolinium extravasation in a comparable collagenase model. It is not clear from our present data whether late re-bleeding started during rewarming or after normothermia was reached. Unfortunately, timing will have to be determined through the use of additional survival times because repeated imaging in animals would be technically difficult in rats subjected to prolonged cooling (e.g., ensuring a continuous cooling protocol) and contraindicated in some cases (e.g., if animals have implanted electronics to sense temperature). Future work will investigate the mechanism(s) of this hematoma increase, but the intermittent nature of this effect, for whatever reasons, increases the difficulty of this work and will require large sample sizes. However, as larger scale clinical study is currently underway, this complication is important to understand, even if it is an infrequent event.
The inflammatory response after an ICH is complex as this response can be both harmful and beneficial to brain tissue. We had hypothesized that the antiinflammatory effect of TH may decrease the harmful aspects of inflammation while also impeding beneficial functions. There are several mechanisms through which the inflammatory response causes damage. Inflammatory induced cytotoxic edema and cell death occurs through exposure to cytokines and oxidative stress. 51 Vasogenic edema is caused by disrupting the BBB through increased secretions of matrix metalloproteinases. 51 Treatment with minocycline, a common anti-inflammatory, has shown that it lowers edema and reduces injury after ICH. 52, 53 Experimentally depleting neutrophils also inhibits microglia and macrophage proliferation and reduces BBB disruption, brain damage, and impairment. 54, 55 In contrast, others have demonstrated the importance of inflammation especially after bleeding. For example, Zhao et al. 30 suggest that the transcription factor peroxisome proliferatoractivated receptor gamma (PPAR-g) is beneficial by increasing phagocytosis in microglia and macrophages, which is essential in hematoma resolution. These studies highlight the complexity of post-ICH inflammation.
The influence of TH on inflammation is known and contributes to one of the main adverse events associated with TH, pneumonia. 56 Use of TH lowers pro-inflammatory cytokines after ICH in humans and animals, 18, 27, 57 while anti-inflammatory cytokines are increased 18 and inflammatory cell proliferation is decreased. 17, 19 The role of TH on phagocytosis is not well studied after ICH. In cell culture, after rewarming TH decreases microglia proliferation but increases microglia activity (i.e., ATP consumption) and phagocytosis behavior. 58 In cerebral ischemia, Kawabori et al. 59 found that TH increased the proportion of cells expressing of triggering receptor expressed on myeloid cells-2 (TREM-2), a receptor important for microglia phagocytosis. Thus, TH may not impact the inflammatory response's abilities to contain iron or resolve the hematoma because phagocytosis is being upregulated. However, further studies on ICH are needed to test this hypothesis.
With XFI we were able to both spatially map and quantify total iron levels, which is superior to biochemical assays. Unfortunately, XFI does not distinguish the form of iron or whether it is bound to protein (e.g., heme and ferritin) or contained within a cell (e.g., microglia). The quantity of iron observed outside the hematoma was significantly above contralateral levels. Whether that peri-hematoma iron originated from hemoglobin breakdown or from microglia containing iron infiltrating or leaving the injured site is unclear. We did not find an effect of TH, but we may have missed effects in the tissue immediately bordering the hematoma. It is not easy to precisely determine that border (e.g., confounds of peri-hematoma edema). Thus, regions of interest were randomly sampled in the injured hemisphere at varying distances from the hematoma, but none were directly adjacent to the border. Thus, a border was determined as best as technically possible and regions were sampled near the border. For future studies, we recommend Raman imaging of hemoglobin in conjunction with XFI as a way of better defining that immediate border zone. 4 There appears to be a discrepancy between the increase in non-heme iron from three to seven days and the lack of a decrease in hematoma volume (i.e., hemoglobin) in the normothermic groups for the same times. Both assays indirectly evaluate hematoma resolution and measure two distinct components of the hematoma, a metal (i.e., iron not contained by heme) and a protein (i.e., hemoglobin). There are a couple of explanations for this discrepancy. First, since this experiment was conducted, new data from our lab (Williamson et al. unpublished data) show that this widely used hemoglobin assay is not specific to hemoglobin. While the majority of the absorbance is for hemoglobin, this assay also detects two hemoglobin breakdown products, hemin and to a lesser extent bilirubin. The added absorbance of hemin and bilirubin detected by this assay will partially mask the reduction in hemoglobin levels over time. Also, as edema resolves from day 3 to 7, this decrease in water content make it appear that there is an increase in tissue concentration of non-heme iron. 38 Given that there was a substantial nonheme iron increase, edema resolution is not likely the only factor as there is likely some release of iron from hemoglobin. As well, the increase in hematoma volume in the four treated rats who were rewarmed cannot be explained by heme and bilirubin contributing to the absorbance reading of the hemoglobin assay as these breakdown products have less absorbance than hemoglobin.
There was a significant worsening of behavioral impairments by TH in experiment three but not in experiment two. The worsening of behavioral impairments in the third experiment was significant but small, and it may not have much biological significance. More sensitive tests are needed to determine this. It is not clear why there was no worsening of deficits in HYPO rats in experiment two, but it might be due to test insensitivity or fewer animals experiencing rebleeding. There is also a slight difference in baseline scores between experiments two and three, which is either due to chance, or the subjective nature of NDS as different experimenters conducted the behavioral testing for these two experiments. Fortunately, animals were randomized to treatment condition in all cases, experimenters were blinded, and there was still a significant impairment after ICH in both experiments. Although possible, it is not likely that the collagenase insults varied all that much among studies as this surgical procedure is highly standardized and we used the same batch of collagenase for all of the work.
In summary, the increase in hematoma volume after TH is a pressing concern for its clinical use in ICH and may help explain the lack of consistent neuroprotection in animal studies. Future studies must evaluate this re-bleeding problem and investigate possible mechanisms while varying treatment and model parameters. Contrary to our hypothesis, the decrease in inflammatory cells caused by TH does not appear to impair the brain's ability to contain iron or influence the hematoma-related factors. This may be due to increased phagocytosis behavior caused by TH but further investigation is needed to study this.
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